Whereas vertebrates and fungi synthesize sterols from epoxysqualene through the intermediate lanosterol, plants cyclize epoxysqualene to cycloartenol as the initial sterol. We report the cloning and characterization of CASI, an Arabidopsis thaliana gene encoding cycloartenol synthase [(S)-2,3-epoxysqualene mutase (cyclizing, cycloartenol (Fig. 1,  compound 3) , the common precursor of cholesterol in vertebrates and ergosterol in fungi. Lanosterol synthase catalyzes a slightly less complex reaction than do the plant terpene synthases, but the former are more commonly studied, in part, because they are more readily accessible (6) (7) (8) catalytic activity. In addition, plant homogenates often contain too little enzymatic activity to produce useful amounts of products. A cloned and heterologously expressed cycloartenol synthase would circumvent the experimental problems associated with crude plant homogenates. The molecular details of cycloartenol synthase could then be scrutinized by using synthetic substrate analogs, as we have done with lanosterol synthase (9-11).
squalene, through a remarkable sequence of cation-irrcyclizations and cationic 1,2 rearrangements of carbon and hydrogen, to polycyclic triterpenes with dramatic structural differences from the starting material. Cycloartenol synthase (1, 2) [(S)-2,3-epoxysqualene mutase (cyclizing, cycloartenol forming), EC 5.4.99.8] must break 11 bonds and form 11 new ones to transform the acarbocyclic epoxysqualene (Fig. 1, compound 1) to the plant sterol precursor cycloartenol (Fig. 1, compound 2) , a pentacyclic triterpene that contains nine chiral centers. The mammalian (3, 4) and fungal (5) lanosterol synthases [(S)-2,3-epoxysqualene mutase (cyclizing, lanosterol forming), EC 5.4.99.7] produce lanosterol (Fig. 1, compound 3) , the common precursor of cholesterol in vertebrates and ergosterol in fungi. Lanosterol synthase catalyzes a slightly less complex reaction than do the plant terpene synthases, but the former are more commonly studied, in part, because they are more readily accessible (6) (7) (8) . Mammalian liver and Saccharomyces cerevisiae (bakers' yeast) homogenates contain sufficient lanosterol synthase activity to be used directly in enzymatic reactions. Moreover, these sources produce only one epoxysqualene mutase; epoxysqualene introduced into hog liver or yeast homogenates yield lanosterol as the sole product. The plant cycloartenol synthase presents considerably more experimental difficulty. Plants generally cyclize epoxysqualene to one or more triterpenes in addition to cycloartenol, which precludes using crude homogenates as a clean source of a single
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squalenehopene cyclase 4 5 FIG. 1. Reactions catalyzed by terpene synthases. Epoxysqualene (1) is cyclized by lanosterol synthase to lanosterol (3) , and by cycloartenol synthase to cycloartenol (2) . Squalene-hopene cyclase cycizes squalene (4) to hopene (5) . catalytic activity. In addition, plant homogenates often contain too little enzymatic activity to produce useful amounts of products. A cloned and heterologously expressed cycloartenol synthase would circumvent the experimental problems associated with crude plant homogenates. The molecular details of cycloartenol synthase could then be scrutinized by using synthetic substrate analogs, as we have done with lanosterol synthase (9) (10) (11) .
As with many enzymes involved in secondary metabolism, cycloartenol synthase could not be cloned by complementing a mutation in a metabolic pathway because EXPERIMENTAL PROCEDURES Strains and Plasmids. The following yeast strains were used: GL7 (12) (MATa gaI2 hem3-6 erg7), YPH252 (13) (MATa ura3-52 lys2-801 ade2-101 trp1-Al his3-A200 leu2-Al) and SMY' [gal2 hem3-6 erg7 ura3-52, obtained by crossing strain GL7 to strain YPH252, sporulating the resultant diploid, and selecting a segregant with the desired phenotype (14) ]. The plasmid vector pBluescript II (Stratagene) was used for subcloning and was propagated in E. coli strain DH5a (15) . The A. thaliana cDNA library (16) was provided by F. Karst (Universitd de Poitiers). pSM60 is a plasmid from this library containing the CAS1 gene under the control of the PGK1 promoter and terminator sequences.
Media, Growth, and Transformation Conditions. Strains GL7 and SMY1 were propagated according to published procedures for strain GL7, which requires media supplemented with ergosterol (20 ,g/ml), heme (13 pLg/ml), and Tween 80 (5 mg/ml) (12) . Yeast were transformed according to published procedures (17). Transformants were selected on synthetic complete medium plates without uracil (14) and supplemented with ergosterol (20 ,ug/ml), heme (13 pg/mi), and Tween 80 (5 mg/ml), and propagated in the corresponding liquid medium. E. coli were transformed, selected, and propagated according to published procedures (15) .
Cloning. The yeast strain SMY1 was transformed with an A. thaliana cDNA expression library (16). Nine hundred and fifty pools of =10 transformants each were grown to saturation in 2.5 ml ofliquid medium at 30°C. Cells from 2 ml of each pool were collected by centrifugation, washed once with water, resuspended in 50 ,ul of 100 mM sodium phosphate buffer at pH 7.0 containing 0.1% Triton X-100, 1 mM dithiothreitol, and epoxysqualene at 1 mg/ml. The cells were permeabilized by first freezing at -78°C in dry ice followed by thawing at 30°C (18) . After 3 hr at room temperature, 5 Al of each reaction mixture was spotted directly onto a TLC plate (0.25-mm Kieselgel 60; Merck) alongside a cycloartenol standard, and the water was removed at 30 torr (1 torr = 133.3 Pa) for 1 hr. The plate was then developed with hexane/ethyl ether, 1:1, and visualized with p-anisaldehyde stain (19). In this system, the retardation factors (Rf) are 0.82 for epoxysqualene, 0.49 for cycloartenol and lanosterol, and 0.31 for ergosterol.
DNA and RNA Methods. Plasmid DNA was isolated from yeast as described (20) . Standard DNA analysis and cloning techniques were done as described (15) . DNA fragments were purified from agarose gels by using Qiaex (Qiagen, Chatsworth, CA). DNA was sequenced by the dideoxynucleotide chain-termination method with the Applied Biosystems automated system. The reported sequence was sequenced at least once on each strand.
Hybridization probes were labeled by using [a-32P]dCTP and random hexamer primers (International Biotechnologies). DNA and RNA were purified from 16-day-old rosette leaves of A. thaliana var. Columbia (15) . DNA was digested with restriction endonucleases, electrophoresed through 1% agarose, and transferred to GeneScreen (DuPont) in 0.4 M NaOH. Total RNA was electrophoresed through 1% agaroseformaldehyde (15) and transferred to GeneScreen in 1.5 M NaCl/0.15 M sodium citrate, pH 7.0. Blots were hybridized overnight at 65°C, as described (21), and were washed in 30 mM NaCl/3 mM sodium citrate/0.1% SDS, pH 7.0 at 25°C. tThe sequence reported in this paper has been deposited in the GenBank data base (accession no. U02555).
Enzymatic Synthesis and Identification of Cycloartenol. SMY1 cells transformed with pSM60 (10 g) were suspended in 50 ml of 100 mM sodium phosphate buffer at pH 7.0 and lysed in a French Press at 20,000 psi (1 psi = 6.9 kPa), and the homogenate was centrifuged at 10,000 x g for 20 min. One milliliter of (+)-2,3-epoxysqualene solution (10 mg/ml) in 20% Triton X-100 (22, 23) was added to the supernatant. After 8 hr at 25°C, 100 ml oftetrahydrofuran was added to terminate the reaction. The precipitate (denatured protein and salt) was removed by fitration, and the filtrate was concentrated under vacuum. The remaining residue was extracted three times with three volumes of ethyl ether, and the combined organic extracts were dried over sodium sulfate, concentrated under vacuum, and purified by silica gel chromatography (5% ethyl ether in hexane) to yield 3.8 mg [79% based on (S)-epoxysqualene] of a colorless solid. This material was identical to an authentic sample of cycloartenol by 1H and 13C NMR, IR, and MS analyses, which gave spectra consistent with available literature data (24-26). Retardation factor (Rf) = 0.49 (silica gel, hexane/ethyl ether, 1: 1). Fourier transform IR spectroscopy (thin film) 3309.2, 2962.0, 1449.4, 1375.2, 1096.6, 1047.5, 1004.6, 994 17.6, 18.0, 18.3, 19.3, 20.1, 21.1, 25.0, 25.4, 25.7, 26.0, 26.2, 26.5, 28.1, 29.9, 30.4, 32.0, 33.0, 35.6, 35.9, 36.4, 40.6, 45.3, 47.1, 48.0, 48.8, 52.3, 78.9, 125.3, 130.9 
RESULTS
We have cloned the A. thaliana cycloartenol synthase gene while demonstrating the feasibility of a chromatographic screen for heterologously expressing transformants. Strain SMY1 was transformed with a yeast expression library containing A. thaliana cDNAs (16) under the control of the constitutive yeast PGKI promoter (27) , and the resultant transformants were divided into pools and assayed for epoxysqualene mutase activity by TLC (see Experimental Procedures) . The single positive pool was replated for single colonies, and homogenates of 3 of 20 colonies metabolized epoxysqualene in the same assay system. Plasmid DNA was isolated from these strains and used to transform E. coli. Plasmids from the three resultant E. coli lines were shown to be identical to one another by restriction enzyme mapping, and the plasmid was named pSM60. A homogenate of SMY1 transformed with pSM60 cyclized epoxysqualene to the plant sterol cycloartenol (see Experimental Procedures). Because S. cerevisiae cannot cyclize epoxysqualene to cycloartenol and yeast transformed with pSM60 acquires the ability to catalyze this reaction, the cDNA in this plasmid is the structural gene for cycloartenol synthase. The gene encoding this cDNA was therefore named CASI (cycloartenol synthase).
The nucleotide and predicted amino acid sequences of the CAS1 cDNA are shown in Fig. 2 Gel-blot analysis of genomic A. thaliana DNA hybridized with the CASR probe at high stringency revealed a strongly hybridizing band and several weakly hybridizing bands (data not shown). The most predominant band probably represents the CASI gene, and the other cross-hybridizing bands may represent additional terpene synthases.
The CAS1 protein is 34% identical to the Candida albicans lanosterol synthase (30, 31) and 18% identical to the Bacillus acidocalcarius squalene-hopene cyclase (EC 5.4.99.-) (32). The homology (Fig. 3 ) of these proteins is not unexpected, considering that the three enzymes catalyze mechanistically related reactions of squalene or its 2,3 oxide (Fig. 1) . This cloned and heterologously expressed A. thaliana cycloartenol synthase will facilitate purification of the enzyme and allow detailed analysis ofthe reaction mechanism by using substrate analogs. The regions of identity between the known terpene synthases shown in Fig. 3 will simplify cloning other epoxysqualene mutases.
